Abstract. This paper is concerned with the joint effects of agent dynamic and network topology on leader-following consensus of continuous-time multi-agent systems. All the follower agents have identical MIMO linear dynamics which can be expressed in any order, while subject to different norm-bounded parameter uncertainties. The control input of each follower agent can only use local error states. By combining the tools of algebraic graph theory, Riccati inequality and Lyapunov inequality, sufficient conditions are derived for all agents to follow the leader under fixed topologies. Finally, an example with simulations is presented for illustration.
Introduction
In recent years, distributed coordination of multi-agents has attracted a considerable interest in various scientific communities. This is due to the fact that their application area covers a wide rang, including formation control [1] [2] [3] [4] , flocking/swarming [5] [6] [7] [8] , sensor networks [9] [10] , and distributed computation [11] . A common character of these applications is that each individual agent lacks global knowledge of the whole system and can only send and/or obtain state information from its neighbors through local communications. A critical problem for consensus control is to design an appropriate protocol or algorithm such that the states of all agents reach an agreement on certain quantities of interest asymptotically or in finite time.
Many interesting agent-related consensus problems are under investigation and leader-following is one of the main hot topics. Vicsek et al. [8] presented some interesting simulation results which shown that the nearest neighbor rule can cause all agents to eventually move in the same direction. Jadbabaie et al. [12] provided a theoretical explanation for [8] . They proved that the states of the follower-agent would converge to the leader asymptotically if the whole follower-agents were jointly connected with the leader. Ma et al. [13] considered leader-following consensus control for first-order integrator dynamics with the assumption that the state of the leader is a constant. Ren et al. [14] introduced time-varying consensus gains and designed consensus protocols based on a Kalman filter structure. They proved that the proposed protocols can ensure consensus to be achieved asymptotically for the noise free case. Hong [15] concerned with a leader follower problem for multi-agent systems under switching interconnection topology. Based on Lyapunov approach and related space decomposition technique, they designed a distributed observer can made the whole follower-agents track the time-varying leader.
Most researches in the above literature consider the consensus problems with low-order integrator dynamics. As a matter of fact, some practical agents like unmanned air agents and underwater agents are moving in a plane or a space instead of a line. Contrasting to first-order dynamic consensus problems, high-order dynamics may fail to reach consensus under the common assumptions on the network topology [16] . Therefore, the high-order case should be taken into consideration when investigating the consensus problems. It is noted that the relationships among neighboring agents may change over time in practice, and their interconnection topology may also be dynamically varying. Thus, studying multi-agent systems with switching topology becomes a significant thing [17] . On the other hand, some variables of agents in multi-agent system may not be able to be measured precisely due to various disturbances, such as packet drop, delay, bandwidth constrained, model uncertainty and external disturbances, which might cause the whole network to diverge or oscillate. The joint effects of agent dynamic and network topology on consensus problems for high-order multi-agent systems with uncertainty has not been addressed in the literature, which is the main focus of this paper.
In this paper, motivated by the above work, we investigate a leader-following consensus problem for continuous time multi-agent systems in the presence of uncertainty. Here the considered dynamic of each agent is high-order, the interconnection graph of the agents is fixed. The control input of each follower-agent can only use its local states and the states of its neighbors.
Problem Formulation

Algebraic Graph Theory
In order to solve the leader-following problems and model the information exchange among agents, algebraic graph theory is introduced here. The interaction topology of information exchange between N agents is described by an undirected graph = { , , }     , where = {1, 2, , } N   is the set of vertices, vertex i represents the ith agent,      is the set of edge. An edge in  is denoted by an unordered pair ( , ) j i , representing that agents i and j can exchange information with each other. The graph is undirected means the edges (j, i) and (i, j) are treated as the same edges. Two agents i and j are neighbors of each other if ( , ) j i   . The neighborhood of the ith agent is denoted by 
Consensus Protocol
Consider a multi-agent system consisting of 
= ,
where the lower block submatrix of order N can be regarded as  . Denotes a diagonal matrix The dynamic of agent i takes the following form: is a real-valued function representing time-varying parameter uncertainty. We assume that the uncertainty is norm-bounded and can be described as
and assume it has a full column rank,
The leader of this considered multi-agent system is described as follows:
where 0 ( ) n x t   denotes the state of the leader. With regarding our control goal is to let all the agents follow the leader asymptotically with the state of all agents converging to 0 x , namely,
x t x t  as t   . We use the following control rule for agent i :
where
is called consensus gain matrix. Substituting (4) into systems (1) and (3), one can obtain
Let the deviation of each state from the leader's state by
. Then, the dynamical equation of ( ) i t  can be written as follows: 
. In light of (6), it follows that
The main objective of this paper is to address the following problem:
Assume that there exists norm-bounded uncertainty in the dynamic of each agent, what are the conditions on the communication graph  and the pair ( , ) A B for the consensusable of the continuous-time multi-agent systems (1) and (3) 
Main Results
Before convergence analysis, we introduce the definition of leader-following consensus for dynamic systems.
Definition 1[17]:
The leader-following consensus of system (1) and (3) To get the main results, we need the following lemmas.
Lemma 1[17]:
The matrix  associated with  is positive definite if and only if the graph  is connected.
Lemma 2[18]: Assume that 0
A is stable and
, then, there exists a positive definite P enabling the following Riccati inequality holds 0 0 < 0.
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Since the graph under consideration is undirected graph, the eigenvalues of  are real and positive. For notational simplicity, we rewrite ( ) i   as i  in this subsection.
Theorem 1:
Consider the N follower-agents (1) and the leader (3) with the consensus protocol (4). Then, the leader can be followed by all the agents from any initial conditions if the following conditions hold.
(a) The pair ( , )
A B is stabilizable;(b) The graph  is connected;(c)
, where 1  is the minimum eigenvalue of matrix  and = T K B P , P is a positive solution of following Riccati inequality 1 
2
< 0 .
Proof: Since the graph  is connected and (A, B) is stabilizable, then matrix
is stable by choose the consensus gain matrix K properly. In light of Lemma 2, it follows that there exists a positive definite matrix P such that
Let > 0 P be a solution of Riccati inequality (8) . Construct a common Lyapunov function candidate
Obviously, for any given orthogonal matrix ,
and the vector ( ) t  can be transformed to
V t e t Pe t e t   , it yields that
Taking the time derivative of Lyapunov function along the trajectory of system (7) is
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Since  is a positive matrix, we can take the unitary matrix 
where = , = 2 .
  is a n-dimension column vector. This together with (8), (12), (14) and condition (c), we obtain that there exists a given scalar > 0
. Therefore, system (7) is globally asymptotically stable, which implies that all the following-agents can follow the leader as time goes on. The proof is completed. Pre-multiplying and post-multiplying the inequality of (8) . By using Schur complement lemma, we can easily obtain the following Corollary.
Corollary 1:
(a) The pair ( , )
A B is stabilizable; (b) The graph  is connected; (c) There exists positive definite matrix P enable the following linear matrix inequality holds,
and the consensus gain matrix in (4) designed as = .
T K B P
Example and Simulation Results
In what follows, we shall provide the following numerical simulations to illustrate our theoretical results. Consider a multi-agent system consisting of four agents in the plane, including a leader labeled by 0 and the other following-agents labeled by 1, 2,3, respectively, see fig.1 . The position state of agent i at time t is represented by the pair (xi(t), yi(t)) T . Assume that the undirected graph have 0-1 weights. The dynamic of the ith following-agent is described by: u t   are respectively the state and control of the ith agent. The leader of this considered multi-agent system is described as follows: 
Conclusions
In this paper, the leader-follower consensus control problems has been considered for high-order multi-agent systems with uncertainty. Each follower-agent can only receive its local state information and the states of its neighbors. By employing algebraic graph theory and Riccati inequality approach, some sufficient conditions are obtained. It is shown that the leader could be eventually followed by the follower-agents. A numerical example is provided to verify the validity of our theoretical analysis.
